Introduction
============

Wheat (*Triticum aestivum* L.) is one of the most important cereal crops globally. The production and cultivated area in 2016 were 749 million tons and 220 million hectares, respectively ([@B16]). One third (72 million ha) of the total harvested area is accounted by South and Central Asia and North and East Africa ([@B16]). These regions contribute to about 25% of the global wheat production with 30% less yield than the global average ([@B16]). Major efforts are ongoing worldwide to increase productivity considering climate change and increasing demand scenarios. Wheat production is constrained by abiotic and biotic factors, and climate change can increase the incidence of pests and diseases in addition to heat and drought stresses ([@B28]).

Among the biotic constraints that severely affect wheat production are aphids; small insects that feed from the phloem sap. The aphid species *Schizaphis graminum* Rondani, commonly known as greenbug, is widely distributed worldwide ([@B3]; [@B22]; [@B9]) and can reduce wheat yield by 40--50% especially if infestations occur at early growth stages. Chemical control is widely used, however, smallholder farmers often do not have timely access to insecticides nor have resources, and consequently their crop is more prone to aphid damage. Insecticides are often handled improperly by the smallholder farmers and can have negative effects on non-targeted organisms, including humans ([@B12]; [@B25]; [@B44]; [@B5]).

Host plant resistance (HPR) can significantly contribute to yield protection from aphids and reduce the insecticides usage. Additionally, HPR can reduce production costs thus benefiting farmers more from their crop. This control method, is one of the key component of the integrated pest management, and is the most easily applied method by the farmers, as it is already present in the seeds that they sow and has no additional cost to them.

Host plant resistance to insects is classified in categories that describe the way plants react to insect exposures. Essentially, HPR to insects is composed by three categories: antibiosis, antixenosis and tolerance ([@B26]; [@B20]; [@B35]). Tolerance to aphids is considered more complex than the other categories of resistance, as various plant mechanisms related to allocation patterns and nutrient uptake, antioxidant production, biomass production, photorespiration, photosynthesis, plant growth, and storage capacity are involved ([@B33]; [@B19]; [@B7]; [@B31]; [@B13]). Despite the conceptual separation of these categories, it is difficult to isolate them in terms of the actual mechanisms that cause the resistance ([@B37]).

The deployment of insect resistance in elite varieties requires significant investments from the germplasm identification to the development of parental lines and breeding itself. Because phenotypic selection methods are complicated to apply in the field, breeding for insect resistance is a challenging task in large breeding programs that pursue the development of elite germplasm with ample yield gain, stability and resistance to other relevant biotic and abiotic factors. Nonetheless, marker assisted breeding (MAB) can be an efficient tool to utilize in breeding programs to transfer and select resistance to aphids. The successful implementation of MAB lies in the identification of molecular markers closely linked to resistance genes, which is achieved through genetic analyses, linkage mapping (QTL analysis), or linkage disequilibrium related methods.

Previous studies have identified genes (*Gb2* and *Gb6*) on chromosome 1R from rye ([@B29]; [@B23]) and in *Aegilops speltoides* Tausch (*Gb5*) ([@B40]; [@B14]; [@B11]). Synthetic hexaploid wheats (SHWs) are other highly valuable source of resistance to *S. graminum* ([@B21]). The SHWs are the product of the human-induced hybridization between tetraploid species carrying the "A" and "B" genomes of wheat, with accessions of the "D" genome ancestor goat grass (*Aegilops tauschii* Coss). SHWs can be directly crossable with the adapted germplasm, hence transfer of desirable traits from wild relatives is possible. Studies have identified resistance genes on chromosome 7DL of *A. tauschii*, i.e., *Gb3*, *Gb4*, *Gb7*, *Gba*, *Gbb*, *Gbc*, *Gbd*, *Gbx*, and *Gbz*, and it has been demonstrated that these are single dominant genes ([@B29]; [@B47]; [@B10]; [@B38]). However, the relationships between the SHW identified genes need to be established.

The bread-wheat breeding program at the International Maize and Wheat Improvement Centre (CIMMYT) has recently undertaken the task of transferring resistance to aphids (*S. graminum* and *Rhopalosiphum padi* L.) to elite breeding germplasm. As part of this endeavor, CIMMYT germplasm was screened for resistance against these pests, which allowed the identification of the drought tolerant line "Sokoll" ([@B32]) also resistant to *S. graminum*. Sokoll is a synthetic hexaploid derived line, pedigree: "PASTOR/3/ALTAR 84/*A. squarrosa* (TAUS)//OPATA," and has been used in CIMMYT's wheat breeding program to develop drought tolerant germplasm.

The objectives of our study were: (1) to identify the genomic regions associated with resistance to *S. graminum* in the CIMMYT's synthetic hexaploid derived wheat Sokoll; (2) characterize the marker-*S. graminum* resistance association in a set of Sokoll derived lines; and (3) determine the association of the resistance between Sokoll and *Gba*, *Gbb*, and *Gbd S. graminum* resistance genes of SHW origin through allelism tests, since the *A. squarrosa* (*A. tauschii*) accession in Sokoll is unknown.

Materials and Methods
=====================

Plant Materials
---------------

Three sets of germplasm, developed at the International Maize and Wheat Improvement Centre (CIMMYT), were evaluated: (1) 228 F~6~ recombinant inbred lines (RILs) derived from the cross of the SHW derived line Sokoll (*S. graminum* resistant) with Weebill1 (*S. graminum* moderately susceptible), (2) A set of 46 Sokoll derived breeding lines, and (3) Four F~2~ derived F~3~ populations of 94, 92, 98, and 98 families from the crosses between Sokoll and the SHWs previously reported to carry *S. graminum* resistance genes: "Ceta/A. squarrosa (1027)," "Seri//T. dicoccon PI94623/A. Squarrosa (1027)," "Croc_1/A. Squarrosa (224)", and "Altar 84/A. Squarrosa (328)" ([@B21]; [@B47]; [@B10]).

Aphid Population
----------------

Clones of *S. graminum* were collected from wheat fields at CIMMYT's experimental station located in Ciudad Obregon, Sonora, Mexico (27° 37' N, 109° 93' W). Aphids were reared on the CIMMYT's bread wheat line "Reedling \#1" under controlled conditions at 24 ± 2°C and 16:8 (light:dark) photoperiod with high-pressure sodium lamps as light source.

After the establishment of the aphid cultures, the *S. graminum* the virulence/avirulence pattern was determined by evaluating a set of differential lines, the parents of the RILs and the F~2~:F~3~ families ([Table 4](#T4){ref-type="table"}). The virulence/avirulence pattern of the aphid population was similar to the biotype I in the United States ([@B27]).

Phenotyping and Data Analysis
-----------------------------

The plant materials were evaluated at seedling stage. Five seeds of each of the Sokoll/Weebill1 RILs were planted as tufts in flats of 40 cm × 53 cm × 7 cm. The evaluations consisted of two treatments, infested vs. non-infested, arranged in augmented incomplete blocks where the resistant (Sokoll) and susceptible (Weebill1) progenitors of the RILs were replicated 8 and 6 times in each flat as controls, respectively. After emergence, each tuft was carefully thinned to allow the growth of one seedling of similar size for both treatments. The flats were grown side by side in growth chambers with controlled light (16:8) and temperature (22 ± 2°C).

Each seedling of the infested treatment was exposed to 15--20 individuals of *S. graminum* at the 2nd--3rd leaf stage. The infestations were conducted every second day during 10--12 days to ensure high and homogeneous aphid pressure within flats. Since the flats were grown side by side, the non-infested flats were treated with a 0.2% solution of Admire^®^ (Bayer, Imidacloprid @ 30.2%) 1 day before the infestation treatment was applied, with the objective to avoid aphid establishment and movement from the infested flats. This insecticide is a commercially available product in Mexico, and its active ingredient has been tested to assess the resistance to aphids in wheat ([@B15]).

Chlorophyll content was measured on each seedling with a SPAD meter (Minolta^®^). Three readings along the first fully developed leaves were taken and averaged. In addition, a visual assessment of the aphid damage on a 0--100 scale was also recorded, the scale was based on the percentage of chlorosis displayed by the plants under aphid feeding. Data were collected when the susceptible check displayed 60--70% damage (chlorosis). The evaluation of RILs was repeated three times, i.e., once a full round of evaluations was finished with the augmented design, the RILs were evaluated two more times.

A similar procedure was followed for the Sokoll derived lines and the F~2~:F~3~ populations to conduct the allelism tests, except that the tufts were not thinned, and the non-infested treatment was not established, hence we evaluated between 460 and 490 total seedlings per populations. The susceptible check for this evaluations was "Pavon F76", a hard-white spring wheat variety highly susceptible to aphids ([@B11]) and the resistant check was Sokoll. Only the qualitative scores (S, susceptible; R, resistant) were given based on the seedling response to the aphid feeding.

The classification of each of the F~2~:F~3~ families were used to assess the hypothesis of 15:1 (Resistant:Susceptible) ratio for two independent dominant genes in a *Chi*-squared test, given that each family is expected to segregate in that ratio for two independent genes. The families displaying any sign of damage, or abnormal observations were re-evaluated to confirm the results by exposing each family to aphid feeding. For this, Twenty-five seeds of each family and the susceptible check were planted in rows on the flats previously described, and each row of seedlings were infested following the same procedures as described above.

Phenotypic data were analyzed with the package lme4 ([@B2]) in the R software v.3.4 ([@B30]). Best linear unbiased estimators (BLUEs) were obtained from the analysis of the RILs by fitting the lines and treatments as fixed effects, whereas the incomplete blocks and the experiment repetitions where considered as random effects. We obtained heritability estimates for the mapping population from the variance components by fitting the RILs as random effects, but keeping the parental lines and treatments as fixed effects in the linear mixed model.

Genotyping
----------

The Sokoll/Weebill1 RILs and the Sokoll derived lines were genotyped with the Diversity Array Technology (DArT), and DArT-Seq at the laboratory of Genetic Analysis Service for Agriculture in CIMMYT, Mexico. The DArT-Seq procedure consists on digestion, primer and barcode ligation, amplification and sequencing processes of the DNA samples ([@B34]). Unlike DArT-Seq, the array procedure (DArT) lacks the sequencing process and yields a presence/absence pattern of the markers by hybridizing the probes to the wheat array ([@B43]; [@B1]). In total there were 95,958 markers processed prior to the linkage analysis. Markers not considered for further analysis were those with more than 20% missing data, minor allele frequency lower than 5% and those that were monomorphic between the parents of the RILs.

Linkage and QTL Analysis
------------------------

Linkage and QTL analyses were performed for the Sokoll/Weebill1 RIL population. Markers were first grouped with the ICIMapping software ([@B24]) using the DArT chromosome locations as anchoring information and a high LOD threshold (30.0) for grouping unanchored markers. Subsequently, each group was ordered using the ASMap package ([@B39]), which contains the linkage map functions of the MSTMap ([@B45]) for R language. The program takes the minimum spanning tree of a graph for grouping and ordering. The utilization of these two tools allowed us the use of the prior knowledge of the markers (ICIMapping) and the ordering efficiency of ASMap.

The QTL analysis was conducted with the R package R/qtl ([@B8]) to identify genomic regions associated with chlorophyll content, chlorophyll loss and aphid damage. First, interval mapping was implemented with the Haley-Knott regression method ([@B18]). Significant genomic regions were identified after a 1,000 permutations run at a threshold of the 5% tail of the null distribution. Significant main effect QTL were then further examined in a multiple interval mapping framework to refine positions, estimate QTL effects and the proportion of variance explained by the QTL and the QTL model.

Results
=======

Phenotypic Analysis of Recombinant Inbred Lines (RILs)
------------------------------------------------------

In the infested treatment, seedlings of the parental lines, Sokoll (resistant) and Weebill1 (susceptible), displayed 28.3 and 11.5 units of chlorophyll content (SPAD units), respectively in contrast to 31.3 (Sokoll) and 29.1 (Weebill1) units for their non-infested treatments, which resulted in chlorophyll losses of 9.4 and 60.3% on average, respectively for the two parents. The visual damage score for Sokoll and Weebill1 was 1 and 68.4% on average, respectively. The analysis of the phenotypic data indicated a significant variation between RILs for all recorded traits. The damage score ranged from 3.5 to 84.3% (*F*~229,392.9~ = 1.24, *P* \< 0.0001), and the heritability (*h*^2^) was 0.52. The chlorophyll content of the RILs in the infested treatment, ranged from 4.6 to 35.2 (*F*~229,615~ = 11.72, *P* \< 0.0001) and *h*^2^ = 0.89, whereas in the non-infested treatment it ranged from 23.3 to 39.4 (*F*~229,627~ = 2.07, *P* \< 0.0001) and *h*^2^ = 0.49. The chlorophyll loss, expressed as percentage of SPAD units and as a function of chlorophyll content between infested vs. non-infested treatments, ranged from −24.46 to 84.15%.

The correlation analysis between recorded traits indicated a significantly positive (*r* = 0.27, *p* \< 0.001) association between the chlorophyll content of the RILs in both treatments, but an insignificant close to zero (*r* = −0.07, *p* = 0.9) correlation between chlorophyll loss and chlorophyll content in the non-infested treatment ([Figure 1](#F1){ref-type="fig"}). High and significant (*r* \> \|0.9\|, *p* \< 0.001) correlations were detected between the traits related to the infested treatment ([Figure 2](#F2){ref-type="fig"}).

![Trait distribution and correlation. The diagonal displays the histogram for each recorded trait. The panels below and above the diagonal represent the scatter plots and correlation values between traits, respectively. ^∗∗^*p* = 0.01, ^∗∗∗^*p* \< 0.001.](fpls-10-00782-g001){#F1}

![Adjusted mean trait (±SE) of main QTL effects across Sokoll/'Weebill1 RILs. **(A--C)** Correspond to damage score of QTL on 2B, 3A, and *GbSkl* in 7DL, respectively. **(D--F)** Correspond to chlorophyll content (SPAD units) of QTL on 3A, 7B, and *GbSkl*, respectively.](fpls-10-00782-g002){#F2}

The histograms of chlorophyll content, loss and damage scores, displayed a significant departure (*D* = 0.04, *p* \< 0.005) from a unimodal distribution according to the Hartigan's dip test for unimodality. The Sarle's bimodality coefficient of the recorded traits in the infested treatments was *b* \> 0.6, which suggests a bimodal distribution, which for genetic interpretations indicates the presence of a gene with a major effect segregating in the RIL population.

Linkage and QTL Analysis
------------------------

We used 5,259 DNA markers for QTL analysis after conducting the quality control of the genotypic data. From these, 24 linkage groups (LGs) were built, one for each wheat chromosome plus additional LGs for each of the chromosomes 3B, 5B, and 6B. The number of markers per LG ranged from 20 (4D) to 650 (7B). The size of the LGs spanned from 33.34 cM (4D) to 597.13 cM (6A), and the total distance of the LG summed to 6,507.03 cM. On average, the LG were comprised by one marker every 1.24 cM, but this value ranged for individual LG from 0.29 cM (1B) to 5.78 cM (5D). The markers were distributed across the three wheat genomes as follows: 32.7, 55.1, and 12.2%, for the A, B, and D genomes, respectively.

The QTL models explained 37.8, 40.2, and 37.1% of the total phenotypic variation for damage score, chlorophyll content and chlorophyll loss, respectively ([Table 1](#T1){ref-type="table"}). For all recorded traits, the QTL analysis of the Sokoll/Weebill1 RILs indicated the presence of a genomic region with large effect ([Table 1](#T1){ref-type="table"} and [Figures 2C,F](#F2){ref-type="fig"}, [3B](#F3){ref-type="fig"}) on chromosome 7DL ([Figure 4](#F4){ref-type="fig"}) of Sokoll that explained between 16.5 and 24.1% of the phenotypic variation ([Table 1](#T1){ref-type="table"}). This locus is herein referred as *GbSkl*. The closest marker to *GbSkl* was m3222388 ([Figure 4](#F4){ref-type="fig"}). An additional QTL (*QGb.cimmyt-3A*) was also found for all traits on chromosome 3A of Weebill1 that explained a lesser amount of phenotypic variation, up to 5.4% ([Table 1](#T1){ref-type="table"} and [Figures 2B,D](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}). Other minor QTL were found on chromosomes 2B (*QGb.cimmyt-2B*) for damage score, which accounted for a reduced amount of phenotypic variation ([Table 1](#T1){ref-type="table"} and [Figure 2A](#F2){ref-type="fig"}), and another on chromosome 7B (*QGb.cimmyt-7B*) for chlorophyll content which explained 3.9% of the phenotypic variation ([Table 1](#T1){ref-type="table"} and [Figure 2E](#F2){ref-type="fig"}). The closest marker to these QTL were m3951322 and m4439909, respectively.

###### 

Quantitative trait loci (QTL) for *S. graminum* resistance identified in the Sokoll/Weebill1 mapping population.

                                                                          **Position**   **Interval**                         **PVE QTL**
  --------------------- ----------------- ----- ------------------------- -------------- -------------- ------ ------- ------ -------------
  Damage                *QGb.cimmyt-2B*   2B    m39513221; m3951322^\*^   122.1          117--131       4.1    --3.1   1.7    37.8
                        *QGb.cimmyt-3A*   3A    m3385293; m1070254        94             88--106        7.2    --7.4   5.3    
                        *GbSkl*           7DL   m3222388^\*^; m1407691    493            484--498       15.9   14.8    20.1   
  Chlorophyll content   *QGb.cimmyt-3A*   3A    m3385293; m1070254^\*^    93             84--105        5.1    2.1     3.8    40.2
                        *QGb.cimmyt-7B*   7B    m999736; m4439909^\*^     367            362--370       4.1    --1.9   3.9    
                        *GbSkl*           7DL   m3222388^\*^; m1407691    493            486--498       12.5   --4.4   16.5   
  Chlorophyll loss      *QGb.cimmyt-3A*   3A    m3949605; m4404564^\*^    99.8           91--110        6.8    --6.5   5.4    37.1
                        *GbSkl*           7DL   m3222388^\*^; m1407691    492            486--497       18.9   15.3    24.1   

†

1.5 LOD drop confidence interval of the QTL peak;

‡

Percentage of variance explained by the QTL;

\*

Closest marker to QTL.

![Adjusted mean trait (±SE) of chlorophyll loss for main QTL effect across Sokoll/Weebill1 RILs. **(A)** Chlorophyll loss for QTL on 3A. **(B)** Chlorophyll loss for *GbSkl* on 7DL.](fpls-10-00782-g003){#F3}

![LOD profile of damage score, chlorophyll content and loss on linkage group (LG) assigned to chromosome 7D.](fpls-10-00782-g004){#F4}

Sokoll Derived Lines
--------------------

Among the Sokoll derived lines evaluated, 13% exhibited a resistant phenotypic reaction ([Table 2](#T2){ref-type="table"}). The full list of lines with their pedigree, marker and phenotypic response is given in the [Supplementary Table S1](#SM1){ref-type="supplementary-material"}.

###### 

Marker response of Sokoll derived lines resistant to *S. graminum* damage.

            **Chromosome**                                                                  **3A**   **7D**   **Response**       
  --------- ------------------------------------------------------------------------------- -------- -------- -------------- --- ---
  3825355   Sokoll                                                                          A        A        A              A   R
  2448314   Weebill1                                                                        B        B        B              B   S
  6001179   Sokoll//FRTL/2^\*^PIFED                                                         A        A        A              B   R
  6001642   Sokoll^\*^2/4/CHEN/AEGILOPS SQUARROSA (TAUS)//FCT/3/STAR                        A        A        B              B   R
  6692338   Sokoll/3/PASTOR//HXL7573/2^\*^BAU/4/Sokoll/WBLL1                                B        A        A              A   R
  6933732   TILHI/Sokoll^\*^2//KINGBIRD \#1                                                 A        B        A              A   R
  6939941   W15.92/4/PASTOR//HXL7573/2^\*^BAU/3/WBLL1/5/Sokoll/3/PASTOR//HXL7573/2^\*^BAU   B        A        A              A   R
  7178649   BAVIS \#1^\*^2/4/PASTOR//HXL7573/2^\*^BAU/3/Sokoll/WBLL1                        A        B        A              A   R

For marker m3222388, linked to *GbSkl*, 2.1% lines displayed a false negative response, while 19.5% showed false positive responses ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}). For marker m1407691, also flanking the 7DL QTL, there were 4.3% false negatives and 10.8% false positives. The combined response of these markers had 8.7% false positive and 2.1% false negative rates.

For the QTL on 3A the flanking markers displayed a 4.3% false negative responses, and 15.2 and 45.7% false positive responses for markers m3385293 and m1070254, respectively. The combined response of these two markers had 13% false positives, however; none had a false negative response.

Allelism Tests
--------------

We did not observe any susceptible seedlings or segregating families in the F~2~:F~3~ populations derived between the crosses of Sokoll and *Gba*, *Gbb*, and *Gbd* sources ([Table 3](#T3){ref-type="table"}). Hence, with the Chi-squared test the null hypothesis of 15:1 (Resistant:Susceptible) phenotypic segregation ratio was rejected for the *GbSkl* and *Gba*, *Gbb*, and *Gbd*, indicating that the presence of an allelic gene or tightly linked genes could be involved in the resistance to *S. graminum*.

###### 

Phenotypic segregation patterns of F~2~ derived F~3~ populations developed for allelism tests.

                                                                     **Number**                                  
  ---------------------------------------------------------- ------- ------------ ---- --- ------- ------ ------ -------
  Sokoll//Ceta/*A. squarrosa* (1027)                         *Gba*   94           94   0   88.12   5.87   6.26   0.012
  Sokoll/3/Seri//*T. dicoccon* PI94623/A. Squarrosa (1027)   *Gba*   92           92   0   86.25   5,75   6.04   0.013
  Sokoll//Croc_1/*A. squarrosa* (224)                        *Gbb*   98           98   0   91.87   6.12   6.98   0.011
  Sokoll//Altar 84/*A. squarrosa* (328)                      *Gbd*   98           98   0   91.87   6.12   6.98   0.011

a

Observed Resistant;

b

Observed Susceptible;

c

Expected Resistant;

d

Expected Susceptible;

e

Calculated

Chi

-squared value for the null hypothesis of the populations to segregate 15:1 (R:S);

f

Probability of deviation from expectations.

###### 

Response of differential lines to *S. graminum* feeding for biotype determination.

  **GID**^\*^   **Cross/Pedigree**              **Gene**   **Response**
  ------------- ------------------------------- ---------- --------------
  256679        DICKINSON 28A                   *Gb1*      S
  154175        TAM 107                         *Gb2*      S
  39992         TAM 200                         *Gb2*      S
  8198455       LARGO                           *Gb3*      R
  8198456       KS82H1640GB                     *Gb4*      R
  7615722       Pavon 76, 20" + 7A.7S           *Gb5*      R
  8198457       GRS1201                         *Gb6*      R
  8198458       KS89WGRC4                       *Gbx1*     R
  2448314       Weebill1                        --         S
  3825355       Sokoll                          --         R
  174364        Ceta/*A. squarrosa* (1027)      *Gba*      R
  6581138       Seri//*T. dicoccon* PI94623/    *Gba*      R
                *A. squarrosa* (1027)                      
  180015        Croc_1/*A. squarrosa* (224)     *Gbb*      R
  357971        Altar 84/*A. squarrosa* (328)   *Gbd*      R

\*

GID, Germplasm identification number.

Discussion
==========

Incorporating HPR to insects in elite germplasm that can potentially become commercial varieties is of great value due to environmental considerations associated with reduced insecticide use, as well as benefits to non-targeted organisms including human, and reduction of production costs and health risks to farmers. The accurate identification and clear understanding of the genetics of resistance are important for breeding programs to efficiently incorporate HPR to insects as a selection trait, either directly (phenotypic selection) and/or indirectly (MAB).

The analysis of the phenotypic data supports the conclusion that a major gene controls the resistance to *S. graminum* in Sokoll, as the population could be classified in two groups but with phenotypic variation within the groups according to the bimodality parameters.

The observed correlation patterns of the phenotypic data demonstrate that the chlorophyll content in non-infested treatments is not indicative of resistance to *S. graminum* ([Figure 1](#F1){ref-type="fig"}). The low but significant correlation of chlorophyll content between the evaluated treatments indicated that plants with higher chlorophyll content tended to also have higher chlorophyll content when exposed to aphids, but not to the level of exhibiting resistance, which is supported by the null association between chlorophyll loss and content in the non-infested treatment ([Figure 1](#F1){ref-type="fig"}). Furthermore, given the high correlation exhibited between chlorophyll content, chlorophyll loss and damage score, despite the null association between chlorophyll loss and chlorophyll content in non-infested plants, it is possible to conclude that, taking SPAD measurements in infested treatments may be sufficient as a rapid evaluation of resistance, as long as appropriate controls are included in the experimental design. Another important aspect to note for phenotyping purposes is that the visual score was highly correlated with chlorophyll content and loss, indicating that this alone can be a good parameter to assess tolerance in mapping studies, as the same important genomic regions were detected using the SPAD meter related traits ([Table 1](#T1){ref-type="table"}).

Our study aimed to evaluate quantitatively the ability of Sokoll/Weebill1 RILs and additional Sokoll derived material to withstand *S. graminum* damage (tolerance) under high aphid pressure in seedling experiments, and map the genomic regions conferring resistance in Sokoll. Typically, tolerance to *S. graminum* is evaluated qualitatively for gene mapping studies ([@B41]; [@B48], [@B47]; [@B42]). Although SPAD measurements had been used for evaluating tolerance ([@B21]; [@B4]), it had not been used as a trait for genetic studies.

Our screening methodology allowed us to identify genomic regions with small effects that are associated with *S. graminum* tolerance, in addition to a region harboring the major effect resistance gene *GbSkl* on chromosome 7DL ([@B41]; [@B6]; [@B47]). Interestingly, the *QGb.cimmyt-2B* and *QGb.cimmyt-3A* alleles from Weebill1 contributed small effects to the phenotypic variation of the evaluated traits ([Figures 2A,B,D](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}). Such a small effects alone are not enough for the lines to display acceptable levels of protection, however, in combination with *GbSkl* they can play an important role in conferring higher levels of resistance. It is relevant to note that these QTL with small effects were located on the "A" and "B" genomes of wheat, unlike most of the reported genes on the "D" genome from *A. tauschii*. Another, reported gene in wheat, but not in the "D" genome is *Gby* on chromosome 7A, which confers tolerance and antibiosis ([@B6]; [@B4]).

Sokoll has been used as one of the parents for the development of CIMMYT's drought tolerant germplasm. Even though, DArT-Seq markers cannot be readily used for MAB and require further efforts to be transformed in user friendly assays, the results from the marker response highlight the importance of having flanking markers to reduce the false positive rate for MAB purposes. Furthermore, the recombinant lines can be used for fine mapping and developing molecular markers that are in tighter linkage to the resistance gene ([Table 2](#T2){ref-type="table"}). Efforts are underway to characterize a larger set of Sokoll derivatives in CIMMYT breeding germplasm to determine the phenotypic and marker responses using KASP assays we developed based on additional studies we conducted ([@B10]).

The sequence of the DArT-seq markers flanking *GbSkl* were investigated in the reference wheat genome sequence (IWGSC RefSeq v1.0) in the Ensembl database ([@B46]), these markers (m3222388 and m1407691) were located 5.7 Mbp apart on 7DL between the physical position of 593.4 and 599.1 Mbp, a region that encloses 56 genes predicted to code for 35 protein superfamilies. The superfamilies include: ricin B-like lectins, terpenoid cyclases/protein prenyltransferases, terpenoid synthases, serine metabolism enzymes, cysteine proteinases, and leucine rich repeats, which can be related to plant defenses to aphids ([@B17]; [@B36]).

The results from the allelism tests suggest that the major gene in Sokoll, *GbSkl*, could be allelic or in tight linkage with *Gba*, *Gbb*, and *Gbd* reported genes, as the F~2~:F~3~ populations did not segregate for *S. graminum* resistance ([Table 3](#T3){ref-type="table"}). Additional testing is required to determine the allelic relations between these genes and other sources, such as *Gb7*, *Gbc*, and *Gbz*. Due to a lack of seed availability we could not develop these additional populations. Derived from the pedigree information, it is possible that *GbSkl* is related to *Gb7*, however, this cannot be confirmed by pedigree alone as the *A. tauschii* accession that is the source of *Gb7* appears to be different from *GbSkl* ([@B38]). There is reported evidence that *Gbd* is different from *Gbz* ([@B47]), and also that *Gbz* is allelic or tightly linked to *Gb3* ([@B48]). Therefore, it could be inferred that *Gba*, *Gbb*, *Gbd* and *GbSkl* are different from *Gb3*. However, more work is required to determine the relationship between all these *S. graminum* resistance genes. A definite way to fully deciphering it is by cloning the genes involved in the resistance.

Our results contribute to unraveling the genetic relationships between certain *S. graminum* resistance genes, and in the identification of key genomic regions that contribute to the phenotypic variation for *S. graminum* resistance in Sokoll wheat. Our results also suggest that measuring chlorophyll content with a SPAD meter in *S. graminum* infested plants can be a quick and standardized evaluation method for determining resistance. Breeding efforts are undergoing to transfer the resistance to newer elite germplasm and the resistant materials being distributed to CIMMYT collaborators for evaluation in local environments where this aphid is a concern.
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